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HIGHLIGHTS 


►  Sr2MgMo06  and  Ba2MgMo06  were  generated  as  sulfur  tolerant  anodes.  ►  Sr2MgMo06  and  Ba2MgMo06  showed  better  sulfur  tolerance  than  Ni/YSZ. 

►  Sr2MgMo06  demonstrated  stability  in  all  environments  for  an  anode  material.  ►  Ba2MgMo06  formed  impurities  when  fired  in  air  1300  °C  and  in 
100  ppm  H2S  at  800  °C.  ►  EDAX  experiments  showed  evidence  of  sulfur  accumulation  in  the  LDC  buffer  layer. 
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The  objective  of  this  effort  is  to  explore  the  substitution  of  the  A-site  in  an  A2MgMo06  perovskite  with  Sr 
and  Ba  to  improve  the  sulfur  tolerance  of  solid  oxide  fuel  cells  (SOFCs).  Perovskites  have  demonstrated 
superior  sulfur  tolerance  but  lack  the  high  conductivity  and  catalytic  activity  of  Ni/YSZ  cermets. 
Sr2MgMo06,  a  double  perovskite,  has  been  suggested  as  a  material  of  interest  because  of  its  relatively 
high  conductivity  and  catalytic  potential.  This  study  summarizes  the  synthesis  of  A2MgMo06  (A  =  Sr,Ba) 
through  sol— gel  methods.  The  conductivity  of  the  two  samples  was  measured  from  thin  pressed  disks. 
Electrochemical  performance  of  the  specimens  was  performed  by  pasting  the  material  onto  an  LSGM 
disk  and  stability  was  measured  in  sulfurous  H2  (140  ppm  H2S).  Both  SMMO  and  BMMO  demonstrated 
superior  stability  when  exposed  to  140  ppm  of  H2S  as  compared  to  Ni/YSZ,  but  did  exhibit  performance 
degradations  due  to  sulfur  accumulation  in  the  buffer  layer. 

Published  by  Elsevier  B.V. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  high  temperature  fuel  cells, 
normally  operating  at  a  temperature  range  of  650-1000  °C.  SOFCs 
have  several  advantages  over  other  types  of  fuel  cells  due  to  their 
relatively  inexpensive  material  set,  lower  sensitivity  to  impurities 
in  fuels  and  higher  efficiencies  [1],  Their  high  operating  tempera¬ 
tures  allow  for  the  utilization  of  a  variety  of  different  fuels.  Anodes 
tolerant  to  sulfur  can  allow  for  more  direct  utilization  of  hydro¬ 
carbon  fuels  while  removing  the  need  for  costly  desulfurization 
units  to  purify  the  fuel  stream  provided  to  the  fuel  cell.  Conven¬ 
tional  Ni/YSZ  anodes  are  not  compatible  with  sulfur  due  to  nickel 
sulfide  formation  and  subsequent  breakdown  of  the  active  micro¬ 
structure.  Aviation  fuels,  in  particular,  can  present  a  significant 
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challenge  because  the  sulfur  concentration  in  these  fuels  can  be  as 
high  as  0.3%  by  weight.  Performance  losses  in  SOFCs  due  to  sulfur 
poisoning  are  associated  with  both  physisorbed  and  chemisorbed 
sulfur  species  on  the  active  nickel  material  [2],  The  first  cause  is 
associated  with  the  molecular  adsorption  of  hydrogen  sulfide  (H2S) 
at  active  surface  sites  resulting  in  an  effective  loss  in  available 
reaction  sites  for  H2/CO  oxidation.  This  degradation  mode  is  par¬ 
tially  recoverable  when  H2S  is  removed  [3—7],  A  second  deactiva¬ 
tion  pathway  occurs  after  the  adsorption  of  sulfur  onto  a  metal 
surface  site  and  results  in  the  subsequent  sulfidation  of  that  site  to 
form  metal  sulfides.  Blockage  of  active  sites  on  the  Ni  surface  is 
reversible  when  the  adsorbed  sulfur  on  a  Ni  surface  is  exposed  to 
a  pure  H2  fuel  stream.  However,  sulfide  formations  have  shown  to 
be  stable  and  exhibit  little  to  no  reversibility  [8],  These  metal  sul¬ 
fides  often  have  a  far  lower  melting  temperature  compared  to  the 
pure  metal  surface  which  results  in  a  breakdown  and  rearrange¬ 
ment  of  the  microstructure  of  the  anode  cermet.  The  rearrange¬ 
ment  of  the  microstructure  is  not  beneficial  due  to  the  decrease  in 
porosity  and  increase  in  tortuosity.  In  the  case  of  Ni/YSZ  anodes, 
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nickel  sulfides  are  observed  to  melt  below  the  standard  operating 
temperature.  As  such,  these  conventional  anode  materials  are 
rapidly  poisoned  due  to  the  reactions  of  Ni  and  H2S.  A  sulfidation 
degradation  reaction  for  Ni  anodes  is  shown  below  [2], 

3Ni  +  2H2S<->Ni3S2  +  2H2 

Ni  anodes  have  been  observed  to  exhibit  permanent  degradation 
when  exposed  to  2  ppm  of  H2S  at  1000  °C,  while  for  lower  tem¬ 
peratures  of  900  °C  and  750  °C,  permanent  degradation  has  been 
observed  with  0.5  ppm  and  0.05  ppm,  respectively.  Deactivation  of 
Ni  anodes  has  been  shown  to  increase  with  decreasing  tempera¬ 
tures  [9],  The  poisoning  becomes  irreversible  at  low  temperatures 
due  to  the  thermodynamically  stable  adsorption  of  sulfur  onto  the 
Ni  surface,  and  the  resulting  Ni3S2  formation  [3],  As  such,  alterna¬ 
tives  to  Ni-based  cermet  anodes  are  a  fervent  area  of  research. 

The  objective  of  this  effort  is  to  explore  the  substitution 
of  the  A-site  in  an  A2MgMo06  perovskite  with  Sr  and  Ba  to  improve 
the  sulfur  tolerance  of  SOFCs.  Perovskite  materials  are  of  interest  as 
potential  anode  materials  because  they  exhibit  tailorable  electrical 
conductivity  and  have  demonstrated  tolerance  to  sulfur  and 
carbon  depositions.  Perovskite  materials  exhibit  a  chemical  compo¬ 
sition  of  ABO3  where  A-site  dopants  are  commonly  alkaline 
earth  metals  with  an  oxidation  state  of  +2  while  the  B-site  dopants 
are  typically  transition  metals  with  an  oxidation  state  of  +4.  A 
multitude  of  perovskites  have  been  previously  studied  which 
include  Lao.75Sro.25Cr!  _xMnx03,  Lao.9Sro.1Gao.8Cro.2O3,  LaCro.9Tio.1O3, 
Yo.9Cao.iFe03,  SrCoo.8Feo.2O3,  Lao.9Sro.1Gao.8Cro.2O3,  BaCeo.sYo.2O3, 
LaxSri_xV03  and  doped  SrTi03  [10,12—15],  Certain  perovskite  for¬ 
mulations  of  LaxSri_xCri_3,Mny03  have  shown  to  be  resistance  to 
sulfur  exposure  at  levels  as  high  as  10%  H2S  [10],  Other  AB03-type 
perovskites  have  demonstrated  comparable  sulfur  tolerance  but  lack 
the  high  conductivity  and  catalytic  activity  of  Ni/YSZ  cermets  [11], 
Therefore,  in  order  for  these  materials  to  be  viable  as  fuel  cell  anodes, 
increases  in  their  conductivity  and  catalytic  performance  are  required. 

Perovskite  materials  can  be  tailored  for  either  n  or  p-type  con¬ 
ductivity  through  selective  doping  of  either  A  or  B  sites  [16].  For 
example,  oxide  ion  conductivity  can  be  increased  by  selective 
doping  of  the  A  site  with  an  element  of  a  lower  oxidation  state 
resulting  in  an  increase  in  charge  carrier  holes  (p-type  conduction) 
[16].  Furthermore,  oxygen  vacancies  can  be  increased  through 
partial  reduction  of  the  B-site  from  either  B+4  to  B+3,  or  B+3  to  B+2, 
depending  upon  viable  valence  states  of  the  B-site  species.  When 
a  higher  oxidation  state  is  used  as  the  A-site  dopant,  n-type  con¬ 
duction  can  be  induced  but  can  also  promote  p-type  conduction  as 
the  B-site  atom  reduces  to  balance  the  A-site  oxidation  for  molec¬ 
ular  electroneutrality.  A  critical  factor  in  promoting  enhanced  oxide 
ion  mobility  is  the  formation  of  a  large  number  of  oxygen  vacancies 
in  the  perovskite  structure.  Oxygen  vacancy  concentration  can  be 
described  as  the  sum  of  doping  and  reduction  induced  vacancies  as 
shown  in  Equation  (1)  [16], 

x  =  a/2  +  5  (1) 

Doping  induced  vacancies  are  described  as  the  quantity  of  A+2 
atoms  which  are  substituted  for  A3+  on  the  A-site  and  are  repre¬ 
sented  in  Equation  (1)  by  the  term  a/2  where  “a”  represents  the 
substitution  number  of  A+2  for  A+3.  The  second  term,  <5,  is  a  function 
of  oxygen  partial  pressure  and  varies  with  the  oxidation  state  of  the 
B-site.  Electronic  conductivity  can  also  be  shown  to  be  dependent 
on  the  oxygen  partial  pressure.  It  has  been  shown  previously  for 
a  variety  of  perovskite  materials  that  B-site  substitutions  have 
a  larger  influence  on  the  electronic  conductivity  as  compared  to 
A-site  substitutions  [16].  However,  A-site  substitution  has  been 
shown  to  play  a  larger  role  in  ionic  conductivity  due  to  the  intro¬ 
duction  of  a  greater  number  of  oxygen  vacancies.  In  this  study,  the 


substitution  of  the  A-site  in  an  A2MgMoC>6  perovskite  with  Ba  and 
Sr  was  explored.  It  is  envisioned  that  this  study  will  elucidate  the 
role  of  A-site  substitution  on  perovskite  electrochemical  perfor¬ 
mance  in  high  sulfur  containing  environments. 

It  has  been  shown  that  while  doping  of  A  and  B  sites  can 
provide  a  favorable  conductivity  enhancement,  excessive  inclusion 
of  dopants  into  the  perovskite  structure  can  be  detrimental  in 
terms  of  morphological  integrity  [17],  Incorporation  of  cations  with 
different  ionic  radii  into  the  crystal  structure  induces  strain  which 
must  be  distributed.  Quantifying  the  extent  of  this  strain  as 
a  function  of  dopant  selection  can  be  assessed  based  upon  the 
relative  ratios  of  the  dopant  ionic  radii  to  the  incumbent  species.  A 
formal  expression  of  this,  commonly  referred  to  as  the  tolerance 
factor  (t),  describes  the  extent  of  strain  induced  into  the  perovskite 
structure  due  to  doping  of  the  A  or  B  sites  (Equation  (2)). 

t  =  (1  -x)*ra+x*rf,  +  r0  ^ 

V2*((1  -y)*rb+yVb  +  r0) 

The  tolerance  factor  can  be  determined  by  using  Equation  (2)  for 
a  doped  double  perovskite  where  x  and  y  are  the  mole  percent  of 
dopant  at  the  A  and  B  sites,  respectively;  ra  is  ionic  radii  of  the  A 
cation;  ra'  is  ionic  radii  of  the  A-site  dopant;  q,  is  the  ionic  radii  of 
the  B  cation;  r\f  is  the  ionic  radii  of  the  B-site  dopant  and  r0  is  the 
ionic  radii  of  oxygen  anion  [18], 

A  stable  perovsldte  structure  should  fall  in  between  tolerance 
factor  values  of  0.75  and  1,  with  1  being  an  ideal  cubic  structure. 
When  the  tolerance  factor  is  between  0.75  and  0.9,  an  ortho¬ 
rhombic  crystal  structure  will  generally  occur.  However,  perov¬ 
skites  with  a  tolerance  factor  between  0.95  and  1.04  exhibit  a  cubic 
crystal  structure  [19].  The  tolerance  factor  can  be  useful  in  pre¬ 
dicting  how  the  level  of  doping  will  affect  material  properties 
including  electrical  conductivity  and  catalytic  activity.  A  highly 
defective  structure  can  be  required  to  improve  electrical  and  ionic 
properties  to  a  desirable  value. 

2.  Experimental 

2.1.  Sample  powder  preparation 

Samples  of  SMMO  and  BMMO  were  prepared  via  sol-gel  syn¬ 
thesis.  It  is  important,  when  using  sol-gel  synthesis,  to  ensure  the 
molarities  of  the  stock  solutions  used  are  correct  due  to  the  uncer¬ 
tain  extent  of  hydration  of  the  precursor  material.  This  process  in¬ 
volves  dissolving  precursor  nitrates  including  Sr(NC>3)2,  Mg(N03)2 
and  (NH4)6Mo7024  into  de-ionized  water  to  generate  stock  solu¬ 
tions.  Precise  metal  stoichiometry  is  required  to  get  pure  phase 
perovskite  structures.  Therefore,  in  the  sol-gel  synthesis,  10  mL  of 
stock  solutions  were  placed  into  a  crucible  to  determine  the  correct 
molarity  of  the  stock  solutions.  The  crucible  was  placed  in  a  furnace 
with  a  heating  profile  of  1  °C  per  minute  to  300  °C,  and  was  held  at 
300  °C  for  2  h,  then  ramped  at  1  °C  per  minute  to  800  °C,  and  held  at 
800  °C  for  2  h.  This  heating  profile  allowed  the  conversion  of  nitrates 
to  oxides  which  was  verified  using  thermogravimetric  analysis 
(TGA)  and  X-ray  diffraction  (XRD).  The  molybdate  stock  solution  was 
prepared  similarly  but  was  held  at  a  lower  temperature  of  200  °C. 

BMMO  was  prepared  by  using  Mg  stock  solution,  Mo  stock 
solution  and  Ba(N03)2.  Nitrate  solutions  were  added  to  a  reaction 
flask  and  stirred  vigorously  using  a  stir  bar.  A  mixture  of  equimolar 
citric  acid  and  ethylene  glycol  was  added  as  a  chelating  agent.  The 
molar  ratio  was  1:1  citric  acid  to  metal  nitrates.  Once  the  chelating 
agent  was  added,  the  solution  was  placed  on  a  hot  plate  and  stirred 
vigorously  at  300  °C.  The  pH  was  adjusted  using  diluted  nitric  acid 
to  maintain  a  pH  between  1  and  2,  which  ensured  that  the  reactants 
remained  in  solution.  Once  the  solution  was  clear,  the  hot  plate 
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temperature  was  increased  to  400  °C  and  the  solution  was  allowed 
to  evaporate.  Solution  viscosity  steadily  increased  during  evapo¬ 
ration  until  a  gel  formed.  This  gel  self-ignited,  forming  powder  once 
the  combustion  reaction  was  finished.  The  same  methodology  was 
used  to  prepare  SMMO  except  that  ethylenediaminetetraacetic  acid 
(EDTA)  was  used  as  the  chelating  agent.  The  powder  was  then 
pressed  into  pellets  which  were  calcined  for  an  additional  6  h  at 
800  °C.  After  initial  calcinations,  the  pellet  was  re-ground  using  the 
shaker  mill  and  re-pressed.  The  pellets  were  then  annealed  for  24  h 
at  1100  °C,  followed  by  further  heat  treatment  for  12  h  at  1200  °C  in 
5%  H2.  Annealing  helps  generate  oxygen  vacancies  and  removes 
impurities  from  the  material.  After  annealing,  the  powder  was 
reground  using  the  shaker  mill. 

2.2.  Characterization 

Both  materials  were  characterized  to  determine  XRD  phase 
purity  with  a  Rigaku  DMAX  B  RU200  X-ray  diffractometer  and  Cu 
Ka  radiation  with  a  scan  speed  of  two  degrees  per  minute.  The  scans 
were  performed  in  the  26  range  from  15°  to  80°.  Crystal  structure 
and  relevant  phases  were  assigned  using  MDI-Jade  software. 

The  conductivity  of  each  material  was  tested  employing  a  fully 
dense  sintered  disc  which  was  fired  at  1300  °C  measuring  15  mm  in 
diameter  and  1.5  mm  in  thickness  using  electrochemical  impe¬ 
dance  spectroscopy  (EIS).  Pt  paste  (Heraeus)  was  applied  to  each 
side  of  the  discs  to  serve  as  current  collectors  and  fired  at  1200  °C 
for  2  h.  Silver  wires  were  attached  to  the  Pt  electrodes  using  gold 
paste  which  was  cured  at  150  °C  for  1  h.  The  stability  of  the  ma¬ 
terials  was  tested  by  pressing  a  pellet  of  15  mm  diameter  by 
1.5  mm.  The  coupon  was  then  fired  at  1300 0  C  for  2  h  in  air  to  ensure 
compatibility  of  the  coupon  with  common  electrolytes  such  as 
Lao.8Sro.2Gao.83Mgo.17O2.8i5  (LSGM).  The  pellet  was  then  placed  in 
a  reducing  environment  for  400  h  in  hydrogen  to  ensure  stability  in 
relevant  environments  for  prolonged  periods.  Then  the  pellets 
were  exposed  to  100  ppm  of  H2S  for  90  h  to  assess  materials  sta¬ 
bility  in  high  sulfur  containing  environments.  After  each  test,  X-ray 
diffraction  patterns  were  generated  to  see  if  any  structural  changes 
could  be  observed  in  the  materials. 

The  sulfur  tolerance  and  electrochemical  performance  of  the 
materials  were  tested  by  preparing  an  ink  of  the  perovskite  mate¬ 
rials  which  are  pasted  onto  Lao.4Ceo.60i.8  (LDC)  coated  Lao.8Sro.2_ 
Gao.83Mgo.17O2.8i5  (LSGM)  electrolyte  discs.  Lao.8Sro.2Mn03_x  (LSM) 
was  used  as  a  counter  electrode.  LSGM  was  selected  as  the  elec¬ 
trolyte  for  this  study  as  it  was  deemed  to  be  more  compatible  with 
Sr-based  perovskites  in  that  the  potential  formation  of  SrZr03 
phases,  common  in  YSZ,  would  be  avoided  [20].  Prior  to  use,  the 
LSGM  electrolyte  disc  was  ground  to  approximately  500  p  using 
a  diamond  wheel.  A  25  ±  5  g  buffer  layer  of  LDC  fired  at  1200  °C  for 
2  h  was  used  between  the  perovskite  anode  and  LSGM  electrolyte 
to  prevent  lanthanum  diffusion  from  the  electrolyte  into  the  anode. 
A  25  ±  5  p  perovskite  anode  layer  was  pasted  and  fired  at  1300  °C 
for  2  h  in  air.  Gold  paste  was  used  to  fix  the  silver  wires  onto  the  cell 
as  a  current  collector.  The  cells  were  mounted  on  the  end  of  an 
alumina  tube  using  high  temperature  paste  (Aremco  Ultra-Temp 
516).  The  cell  test  fixture  was  then  placed  into  a  split  tube  fur¬ 
nace  and  reduced  for  8  h  in  5%  H2.  Dry  hydrogen  was  used  for  all  cell 
characterization  experiments.  The  cells  were  then  exposed  to 
140  ppm  of  H2S  in  H2  at  800  °C  after  which  time  they  were  polar¬ 
ized  galvanostatically  wherein  the  cell  performance  was  monitored 
to  determine  the  extent  of  degradation  due  to  sulfur  poisoning. 

3.  Results  and  discussion 

In  order  to  confirm  the  desired  purity  of  the  double  perovskites 
was  achieved,  XRD  experiments  were  performed  on  SMMO  and 
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Fig.  1.  SMMO  diffraction  pattern  for  various  environments. 

BMMO  (Figs.  1  and  2)  prepared  through  sol— gel  methods.  The 
SMMO  XRD  plot  analyzed  with  MDI  Jade  5  software  showed 
monoclinic  phase  with  space  group  P2  while  BMMO  was  triclinic 
with  space  group  PI.  The  lattice  parameters  for  SMMO  (Table  1 )  and 
BMMO  (Table  2)  are  listed  for  the  all  the  environments  and  firing 
temperatures.  It  is  evident  from  the  XRD  data  that  the  samples 
prepared  were  X-ray  phase  pure. 

To  assess  the  stability  of  A-site  substitution  in  an  A2MgMo06 
perovskite  with  Sr  and  Ba  cations,  these  materials  were  subjected  to 
different  heat  treatment  steps  in  an  attempt  to  simulate  the  envi¬ 
ronments  common  to  SOFC  production  and  operation.  The  first 
experiment  was  to  assess  material  stability  in  an  oxidizing  envi¬ 
ronment  as  observed  when  firing  the  anode  onto  the  electrolyte 
substrate.  The  second  experiment  sought  to  further  examine 
structural  stability  when  the  material  is  exposed  to  hydrogen  at 
800  °C  for  400  h  which  is  representative  of  anode  operational 
environments.  The  final  step  was  to  characterize  sulfur  tolerance  by 
exposing  the  pellet  to  100  ppm  H2S  in  H2  at  800  °C  for  90  h.  From 
Fig.  1,  it  can  be  observed  that  the  SMMO  is  structurally  stable  under 
all  the  treatment  conditions  and  there  was  no  evidence  suggesting 
a  breakdown  in  the  structure  of  the  parent  phase. 

BMMO  was  exposed  to  the  same  series  of  tests  as  SMMO  but 
overall  stability  was  less  than  that  observed  for  SMMO,  especially 
when  exposed  to  sulfur.  In  Fig.  2  it  is  shown  that  evidence  of  this 
phase  instability  is  apparent  from  the  formation  of  BaMo04  species 


Fig.  2.  BMMO  diffraction  pattern  for  various  environments. 
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Table  1 

SMMO  lattice  parameters. 


Material 

Sr2MgMo06 

Sr2MgMo06 

Sr2MgMo06 

Sr2MgMo06 

Environmenl 

After 

processing 

800  °C  H2 

1300  °C 

800  °C  100 
ppm  H2S/H2 

a  (A) 

5.949 

5.951 

5.970 

6.021 

b  (A) 

7.887 

7.884 

7.880 

7.843 

c(A) 

5.569 

5.566 

5.564 

5.555 

n°) 

89.6 

89.6 

89.4 

89.3 

v  (A3) 

261.274 

261.13 

261.686 

262.329 

when  BMMO  is  exposed  to  air  at  1300  °C.  Upon  subsequent  expo¬ 
sure  to  hydrogen  for  400  h  at  800  °C,  the  BaMoC>4  impurity  is 
observed  to  disappear  and  a  pure  BMMO  structure  is  re-obtained. 
BaMo04,  when  exposed  to  hydrogen,  will  remain  stable  until 
920  °C  whereupon  reduction  to  BaMo03  has  been  observed  to 
occur  [21  ].  When  a  pellet  of  BMMO  fired  in  air  at  1300  °C  is  exposed 
to  100  ppm  H2S  treatment  at  800  °C,  the  BaMo04  phase  does  not 
reappear  but  peaks  attributed  to  the  formation  of  BaS  appear.  The 
limited  phase  stability  of  BMMO  in  air  and  H2S/H2  suggests  that  it 
may  not  be  a  viable  candidate  for  SOFC  anodes. 

In  order  to  assess  the  impact  on  material  conductivity  of  A-site 
substitution  in  an  A2MgMo06  perovskite  with  Sr  and  Ba,  an 
experiment  was  performed  where  varying  Sr  and  Ba  concentrations 
were  substituted  into  the  A-site  of  the  perovskite  structure.  Barium 
was  selected  as  the  dopant  because  the  ionic  radii  (1.61  A)  resulted 
in  a  calculated  tolerance  factor  of  1.036  for  BMMO  when  compared 
to  SMMO,  which  has  an  ionic  radii  of  1.44  A  and  a  calculated  tol¬ 
erance  factor  of  0.978.  The  tolerance  factor  for  BaSrMgMoOg,  a  bi- 
substituted  material  synthesized  for  comparison  as  an  intermedi¬ 
ate  formulation,  was  calculated  to  be  1.00.  It  was  concluded  in 
a  study  of  single  perovskites  that  the  ideal  tolerance  factor  is  0.96  to 
optimize  the  electrical  conductivity  [17],  As  such,  it  is  anticipated 
that  Ba-substituted  double  perovskites  would  exhibit  lower  con¬ 
ductivity  and  electrochemical  activity  than  Sr-substituted  double 
perovskites.  As  is  evident  from  the  conductivity  results  presented  in 
Table  3,  tolerance  factors  closer  to  1  exhibit  higher  conductivity 
values.  It  has  been  suggested  in  previous  studies  that  the  formation 
of  SrMoC>4  impurities  in  SMMO  when  fired  in  air  may  favorably 
impact  conductivity  once  reduced  due  to  the  formation  of  the 
single  perovskite  SrMo03  which  has  been  observed  to  be  more 
electrically  conductive  than  SMMO  [22],  In  this  study,  however,  no 
evidence  of  SrMo04  was  observed  unlike  that  observed  in  the 
BMMO.  This  impurity  is  likely  responsible  for  the  higher  measured 
conductivity  values  of  the  BMMO  material. 

Mixed  ionic  and  electronically  conductive  materials  generally 
exhibit  activation  energies  in  the  region  of  0.1-1  eV.  However 
values  closer  to  0.1  eV  are  thought  to  be  indicative  primarily  of 
electron  hopping  while  those  closer  to  1.0  eV  to  be  oxide  ion 
mobility  [23],  All  materials  studies  in  this  work  exhibit  activation 
energies  in  the  region  of  0.03-0.44  eV  suggesting  a  greater  pro¬ 
portion  of  the  electron  conductivity  than  ionic. 

Table  2 


BMMO  lattic 

:e  parameters. 

Material 

Ba2MgMo06 

Ba2MgMo06 

Ba2MgMo06 

Ba2MgMo06 

Environmc 

;nt  After 

800  °C  H2 

1300  °C  in  air 

800  °C  100 

processing 

ppm  H2S/H2 

<i(A) 

5.654 

5.663 

5.662 

5.705 

ft  (A) 

5.447 

5.500 

5.500 

5.396 

c  (A) 

7.964 

7.993 

7.990 

8.018 

«(°) 

89.48 

88.88 

88.87 

88.89 

0C°) 

90.54 

90.91 

90.9 

90.62 

Y(°) 

91.25 

91.11 

91.13 

92.33 

V  (A3) 

245.194 

248.814 

248.665 

246.561 

Table  3 

Conductivity  of  Ba  doped  SMMO. 

Sample  a  (S  cm-1)  Ea  (eV)  Tolerance  factor 

Sr2MgMo06  046  044  0.978 

BaSrMgMo06  5.32  0.22  1.002 

Ba2MgMo06  3.92  0.03  1.036 


As  discussed  previously,  the  conductivity  of  the  materials  was 
examined  over  90  h  in  a  100  ppm  H2S  environment  at  800  °C  to 
examine  how  the  anode  material  would  operate  in  a  sulfur  rich 
environment.  The  results  presented  in  Fig.  3  illustrates  that  the 
BMMO  continues  to  decrease  in  conductivity  with  time  when 
exposed  to  100  ppm  H2S/H2  environments.  This  data  is  consistent 
with  that  presented  in  Fig.  2,  suggesting  BaS  formation  has  a  det¬ 
rimental  impact  on  the  material  bulk  conductivity.  Conversely, 
SMMO  initially  decreased  in  conductivity  and  then  stabilized  after 
70  h.  This  data  agrees  with  the  XRD  studies  shown  in  Fig.  1  wherein 
no  sulfides  are  formed  in  the  SMMO  material  upon  exposure  to  H2S. 
To  examine  how  these  materials  perform  as  SOFC  anodes,  SMMO 
and  BMMO  were  deposited  onto  an  LDC/LSGM/LSM  cell  and  the 
performance  of  these  cells  were  evaluated  galvanostatically  at 
50  mA  and  the  data  is  presented  as  Fig.  4.  A  nearly  constant 
deactivation  rate  of  1.5  mV  h-1  was  observed  for  the  SMMO  full  cell 
when  exposed  to  both  pure  hydrogen  and  140  ppm  H2S/H2  envi¬ 
ronments.  This  performance  decrease  is  considered  negligible 
when  compared  with  conventional  YSZ/NiO  cells  which  exhibit 
far  greater  deactivation  rates.  BMMO  based  cells,  by  contrast, 
exhibit  an  improvement  of  0.5  mV  h-1  independent  of  whether  H2 
or  H2S/H2  environment.  While  deactivation  rates  observed  for  both 
material  sets  studied  in  this  work  were  significantly  better  than  the 
conventional  YSZ/NiO  anode  material,  differences  in  the  deactiva¬ 
tion  modes  are  suspected  for  SMMO  and  BMMO.  The  SMMO  anode 
degradation  would  seem  to  suggest  that  sulfur  adsorption  and 
blocking  of  active  sites  is  still  a  factor,  though  significantly  less  than 
Ni-based  anodes.  Given  that  no  evidence  of  SrS  has  been  observed 
in  this  study  the  exact  cause  of  the  cell’s  loss  in  performance  is 
unclear;  speculation  might  suggest  accumulation  of  sulfur  in  other 
active  regions  within  the  anode.  Therefore,  even  though  some  ev¬ 
idence  of  BaS  was  observed  during  the  material  stability  evalua¬ 
tions  shown  previously  (Fig.  2),  relative  stability  of  the  cell  appears 
to  be  observed  for  the  limited  time  of  this  test.  It  can  be  speculated 
that  this  relative  stability  is  associated  with  the  BaMoC>4  reducing 
into  the  more  conductive  BaMoC>3  when  subjected  to  prolonged  H2 
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Fig.  3.  Pellets  of  SMMO  and  BMMO  exposed  to  100  ppm  H2S. 
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Fig.  4.  Long  term  sulfur  in  140  ppm. 
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Fig.  6.  EDX  analysis  of  BMMO  for  presence  of  sulfur  in  various  layers. 


treatment,  resulting  in  an  anode  conductivity  increase  which  may 
mask  some  of  the  degradation  associated  with  the  formation  of  BaS. 

The  exact  role  of  the  A2MgMoC>6  anode  material  in  the 
A2MgMoC>6/LDC/LSGM/LSM  layered  configuration  remains  unclear. 
In  order  to  understand  the  degradation  of  A2MgMoC>6,  an  experi¬ 
ment  was  conducted  to  examine  the  sulfur  adsorption  character¬ 
istics  of  each  material  within  an  LDC-buffered  SMMO/LSGM/LSM 
cell  with  prolonged  exposure  to  H2S.  The  experiment  was  con¬ 
ducted  by  taking  a  complete  SMMO/LDC/LSGM/LSM  and  a  BMMO / 
LDC/LSGM/LSM  cell  as  described  previously  and  exposing  it  to 
140  ppm  of  H2S  under  galvanostatic  polarization.  Once  this  pre¬ 
treatment  was  complete,  the  cell  was  removed  and  the  fracture 
cross  section  was  imaged  via  SEM  and  elemental  analysis  was 
obtained  by  EDAX.  For  an  SMMO  cell  with  an  LDC  buffer  layer,  no 
evidence  of  sulfidation  or  physical  absorption  of  sulfur  within  the 
SMMO  anode  layer  was  observed  based  upon  post-exposure  anal¬ 
ysis  by  EDAX  and  XRD.  However,  the  data  from  Fig.  5  appears  to 
suggest  sulfur  accumulations  within  the  LDC  layer  which  suggests 
irreversible  H2S  adsorption  affinity.  When  analyzing  the  SMMO  cell 
via  EDAX,  the  highest  sulfur  concentrations  by  weight  percent  were 
present  in  the  LDC  buffer  layer,  while  the  anode  and  electrolyte 
showed  negligible  sulfur  accumulation.  This  sulfur  accumulation 
suggests  that  sulfur  adsorption  and  blocking  of  active  sites  will  play 
a  role  in  the  overall  stability  of  a  cell.  For  a  BMMO  cell  with  an  LDC 
buffer  layer  there  is  an  evidence  of  sulfidation  occurring  within  the 


Fig.  5.  EDX  analysis  of  SMMO  for  presence  of  sulfur  in  various  layers. 


anode  layer  based  on  the  post-exposure  analysis  by  EDAX  and  XRD. 
Fig.  6  shows  the  accumulation  of  sulfur  in  the  BMMO  anode  due  to 
the  sulfidation  that  occurs  as  a  result  of  BaS  formation.  It  is  sus¬ 
pected  that  the  sulfur  accumulations  in  the  LDC  layer  of  the  BMMO 
cell  is  less  than  that  observed  in  the  SMMO  cell  due  to  the  barium 
sulfidation  that  is  occurring  in  the  anode  layer. 

4.  Conclusions 

The  goal  of  this  effort  was  to  explore  the  substitution  of  the 
A-site  in  an  A2MgMo06  perovskite  with  Sr  and  Ba  to  improve  the 
sulfur  tolerance  of  solid  oxide  fuel  cells  (SOFCs).  SMMO  was 
demonstrated  to  be  stable  in  various  environments  common  for  an 
anode  material.  While  BMMO  was  shown  to  be  stable  in  an  anode 
environment,  partial  decomposition  of  the  perovskite  structure 
was  observed  when  fired  in  an  oxidizing  environment.  Primary 
phase  impurities  were  BaMo04  under  oxidizing  conditions  and  BaS 
when  it  is  exposed  to  H2S  containing  hydrogen  streams.  Both 
BMMO  and  SMMO  demonstrated  superior  stability  relative  to 
a  conventional  Ni/YSZ  cermet  when  exposed  to  high  sulfur  con¬ 
centrations  in  the  anode  fuel  stream;  however,  some  degradation  in 
performance  was  observed.  For  the  BMMO  sample,  a  slight  voltage 
increase  occurred,  attributed  to  the  formation  of  BaMo04  forming 
BaMo03  which  will  improve  the  overall  conductivity  and  outweigh 
the  decrease  in  conductivity  from  BaS.  For  the  SMMO  sample,  the 
decrease  in  performance  is  thought  to  be  associated  with  the 
accumulation  of  sulfur  in  the  LDC  buffer  layer  as  evident  from  EDAX 
experiments.  Through  a  series  of  A-site  dopant  experiments,  the 
tolerance  factor  was  lowered  from  1.036  to  0.977  and  the  conduc¬ 
tivity  was  observed  to  be  the  highest  at  a  tolerance  factor  of  1 
yielding  a  conductivity  of  5.32  S  cm”1  for  BaSrMgMoOe.  BMMO  has 
demonstrated  to  have  a  higher  conductivity  than  SMMO  but  not  the 
stability  in  a  100  ppm  H2S. 
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